The liquid structure of tetrachloroethene has been investigated on the basis of measured neutron and X-ray scattering structure factors, applying molecular dynamics simulations and reverse Monte Carlo (RMC) modeling with flexible molecules and interatomic potentials. As no complete all-atom force field parameter set could be found for this planar molecule, the closest matching OPLS-AA intra-molecular parameter set was improved by equilibrium bond length and angle parameters coming from electron diffraction experiments [Karle, I. L.; Karle, J. J. Chem. Phys. 1952, 20 63]. In addition, four different intra-molecular charge distribution sets were tried, so in total, eight different molecular dynamics simulations were performed. The best parameter set was selected by calculating the mean square difference between the calculated total structure 2 factors and the corresponding experimental data. The best parameter set proved to be the one that uses the electron diffraction based intra-molecular parameters and the charges q C =0.1 and q Cl =-0.05. The structure was further successfully refined by applying RMC computer modeling with flexible molecules that were kept together by interatomic potentials. Correlation functions concerning the orientation of molecular axes and planes were also determined. They reveal that the molecules closest to each other exclusively prefer the parallel orientation of both the molecular axes and planes. Molecules forming the first maximum of the center-center distribution have a preference for <30 º and >60 º axis orientation and >60 º molecular plane arrangement. A second coordination sphere at ~11 Å and a very small third one at ~16 Å can be found as well, without preference for any axis or plane orientation.
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The gas phase structure was determined by electron diffraction by Karle et al. 5 .
Concerning the liquid, neutron diffraction data-based structure analysis, using the Ornstein-Zernike integral equation in an attempt to resolve the partial radial distribution functions (prdf or g ij (r)), was conducted by Alvarez et al. 6 .
Regardless of its many uses and widespread occurrence, our interest in this molecule is due to its simple planar structure. The liquid structure, which may be viewed as a prototype for disordered assemblies of planar molecules, has not yet been considered in any detail, and seems to be and ideal candidate to test our new simulation technique for the first time for planar molecules. These are the main reasons why the present extensive investigation was initiated.
The structure of small organic liquid molecules can be investigated by different experimental techniques (for example electron 7 , neutron 8 and X-ray diffraction 9 , infrared 10 , Raman 11 and NMR 12 spectroscopy) or using theoretical approaches like ab initio calculations 13 , density functional theory 14 or integral equations 15 . Different simulation methods are available, as well, that apply interaction potential functions: molecular dynamics (MD) 16 and standard (Metropolis) Monte Carlo 17 simulations are the best known examples.
As the interpretation of experimental structural data, the liquid structure factor obtained from diffraction measurements, is not entirely straightforward, additional efforts are required for extracting structural information from them. In the 1970-s Bertagnolli and coworkers investigated simple molecular liquids, especially chloroform 18, 19 , by neutron diffraction using isotopic substitution and by X-ray diffraction 20 . They attempted to extract information on partial radial distribution functions (prdf) by separating the radial distribution function, obtained by Fourier-transformation of the coherent differential cross section, into intra and intermolecular parts, wherever it seemed feasible.
Assuming structural models based on the solid structure was also attempted, for instance in the case of acetic acid 21 . Comparing the calculated and experimental functions resulted in agreements that cannot be considered as 'good', according to present standards.
Later, simulation techniques using experimental data during the modeling process were developed; applications of Monte Carlo based methods for organic liquids like the empirical potential structure refinement (EPSR) 22 and Reverse Monte Carlo (RMC) 23, 24 simulation may be mentioned. Inverse methods with the aim of extracting only intramolecular parameters by Bayesian fitting 25 have also appeared.
Reverse Monte Carlo structural modeling 26, 27, 28 is widely used for building 3D models of liquids 29, 30 as well as of amorphous materials like semiconductors 31, 32 and metallic glasses 33 . In the traditional RMC modeling no interatomic potentials (except the hard sphere potential) are used: the calculation is driven by the requirement that a given (set of) experimental diffraction data have to be approached as closely as possible. The lack of potential functions can be considered both as a fault and an advantage 27 of this method, as the choice of the potential is obviously a bias. Still, including interatomic potentials into the RMC method has been desired for a long time: such combination could provide direct information concerning the extent that a given potential parameter set is compatible with the experimental structure data.
Therefore lately a new molecular version of the RMC code, RMC_POT, was developed. It operates with flexible molecules that are defined and kept together by means of bonded and non-bonded interatomic potentials. The RMC_POT algorithm has already been successfully applied for revealing the structure of molecular liquids of sulfur-containing small organic materials 34, 35 . The approach that is realized by the RMC_POT computer code will be referred to as 'FMP-RMC' from this point on (FMP: 'Flexible Molecules using interatomic Potentials'; the computer code RMC_POT is freely available 36 ).
Although in principle, the RMC_POT software was developed for molecules of arbitrary shape, the most challenging of all shapes, the (reasonably flexible) planar geometry has not yet been considered. Therefore liquid C 2 Cl 4 was chosen as the most suitable prototype for liquids of planar molecules: it (1) is easily available, (2) is a liquid under ambient conditions, (3) contains a C=C double bond (with sp 2 carbons), which is an essential building block in organic chemistry, and (4) is widely used in everyday life.
In this work the results of a series of molecular dynamics and FMP-RMC simulations, based on measured X-ray and neutron diffraction data, are reported for liquid tetrachloroethene under ambient conditions. The structure of the liquid is characterized by distance dependent correlations between molecular axes and planes; the computer software that calculates these functions has been developed in conjunction with the present study.
II. SIMULATION DETAILS
In both the MD and RMC calculations, 2197 molecules were put in cubic simulation cells, with an atomic number density of 3.5·10 The temperature was kept constant using the Nose-Hover thermostat 38 with τ Τ = 0.5 ps. Preliminary tests with time steps of 1 fs and 2 fs were conducted; as there were no differences regarding the outcome of interest here of the corresponding simulations, the structures discussed below resulted from simulations with a time step of 2 fs. The simulation length was 2000 ps in each case. Equilibrium could be reached under 100 ps and particle configurations in the 'production'-phase (between 500 and 2000 ps) were collected 20 ps apart.
For the MD calculations all-atom force field parameters were needed in order to make were taken for the present study. Partial charges also had to be adjusted, in order to make the molecule neutral: four different charge sets were tested in order to find the best parameter set that would produce results closest to the experimental structure factors (see TABLE I ). In simulation 'C' the original partial charge of +0.005 for the chloroalkene carbon atom was applied, and the partial charge of chlorine was adjusted. Analogously, in simulation 'Cl' the original partial charge of -0.12 for the chloroalkene chlorine atom was applied, and the partial charge of the carbon was adjusted. In order to explore a wider range, a charge set with smaller charges ('Sm') and one between C and Cl called 'MID'
were applied as well (see TABLE I ). There was no need to use a more polar model than the Cl set (see results below). Concerning the intra-molecular parameters, like bond lengths and angles, two different sets were applied (see TABLE II b Ref. [5] .
c Calculated from Cl-C-C ORI.
All the MD results reported here have been averaged over 76 time frames; this amount proved to be more than sufficient for obtaining good statistics. Note that apart from being 'stand-alone' results, the final MD configurations provided excellent starting points for the subsequent RMC studies.
B. Reverse Monte Carlo modeling
In order to improve the agreement between experimental and calculated structural data, FMP-RMC calculations were performed, starting from the final particle configurations of the MD simulations ORI_C and ED_MID (which have turned out to be the most favorable parameter sets, see below).
As details of the RMC algorithm are described elsewhere 26, 27, 28 , here only the basic principle is given. During a conventional RMC simulation one or more atoms are moved randomly in the simulation box. If the squared differences between the experimental data set(s) and the calculated one(s) decrease due to the move then the move is accepted; if not, then the move may still be accepted with a probability of 
III. RESULTS AND DISCUSSION

A. Molecular dynamics simulations
A.1. General results -molecular structure and 2-body correlations
All the eight MD calculations produced very similar total energies (see TABLE IV), the calculations with the ED parameter set yielding slightly lower energies than the simulations using the ORI parameter set. the MD average and quadratically refined experimental data sets (calculated with σ=1). The simulation giving the best agreement with experimental data sets for both parameter sets are highlighted with bold characters. The standard deviation for the energy is also given. The average X-ray F X (Q) and neutron scattering F N (Q) structure factors were calculated in each case, as well, and their squared differences from the refined experimental total scattering structure factors (with σ=1) were determined according to equation ( 1 ), see TABLE IV. The ORI_C simulation seems to be the best out of the ORI series, producing the lowest total χ
. The best from the ED series and the overall best, from the structural point of view, is the ED_MID model. Thus for reproducing the structure of liquid tetrachloroethene, the potential parameters devised in this work appear to be the most successful ones.
Regarding both the neutron and X-ray structure factors, the three potential models with small charges ('Sm', 'C'. 'MID') produce very similar results but the structure resulting from the 'Cl' charge set markedly differs from them. The interested reader can find detailed analyses of results of all the MD simulation in the corresponding 'Supplementary Information'; below only comparison between the 'overall best'
ED_MID and the markedly different ED_Cl simulations will be given.
The equilibrium average geometry bond lengths for the ED_MID model did not change in comparison with the intramolecular equilibrium distance parameters of the potentials, and only negligible changes could be detected for the equilibrium angles (from 113.5º to ~113.3º for Cl-C-Cl and from 123.25º to ~123º for Cl-C-C).
Considering the neutron diffraction data first, there are noticeable differences in the , for X-ray diffraction.
Thus it is most probably the C-Cl partial that is responsible for the differences between tssf-s (the C-C partial has far lower weight). The second maximum (at Q=~2 Å On the other hand, it has to be mentioned, that the difference between the ED and ORI parameter sets is solely manifesting in the intramolecular part, which is not surprising since the differences between the two sets lie in the bond length and angle parameters (for details, see the corresponding 'Supplementary information'). Similarly to the axis distributions, the plane distributions of the ED_MID and ED_Cl simulations are remarkably different, as it can be seen in FIG. 6(a) and (b). The peak structure is less complicated than for the axis distributions: there is only one maximum, similarly located for the two charge sets. For ED_MID the maximum peak height is at r=3.9 Å and for ED_Cl it is at r=4.1 Å, putting them into the 'shoulder region' (which region is clearly displayed only by the less polar models) of the center of molecules distribution. The peak heights, on the other hand, are very different: the MID charge set brings about more than twice the peak height of the Cl charge set. In both cases the peak is around the angle 0º, indicating parallel orientation of the molecular planes. The small peak amplitude for the Cl charge set models is not sufficient for a shoulder to grow on the main peak of the center of molecules distribution. Looking at the ridge corresponding to the first peak of the center of molecules distribution around 6.5 Å, we can see in both cases that there is a preference for larger angles between the molecular planes, ~90 º; in other words, perpendicular arrangement appears to be the most frequent ones at these distances.
There is no maximum around 5.1 Å as there was in case of the axis distributions; if the cross section of (5.1, ) C ϕ is examined closely then a slight preference for smaller than 20º angles can be observed. For larger center of molecule distances, there is no significant preference for any angles between the planes. Summarizing the findings from molecular dynamics simulations concerning the intermolecular structure of liquid C 2 Cl 4 and concentrating mainly on the ED_MID model (overall best agreement with experimental data), well-defined first and second, and a negligible third coordination shells are seen in the centers of molecules distributions. The first coordination shell itself has a complex structure: a shoulder appears that represents molecules closest to each other, around 3.9-4.1 Å, with a distinctive preference for parallel molecular axes and planes. Similar preference for parallel molecular axes and planes in case of trans-1,2-dichloro-ethylene was found in the work of Rovira-Esteva 47 .
Then follows another layer around 5-1-5.3 Å, belonging to the first portion of the first peak of the center of molecules distributions, where there is a preference for parallel axes, and a weak preference for <20 º angles between the molecular planes. This region is followed by the majority of the molecules belonging to the first maximum of the centercenter distribution, where there is a slight preference for angles 0-30 and 60-90º for the molecular axes, and larger than 60º angles for the molecular planes. For larger distances, no preference either for the molecular axes or the plane orientations can be found.
B. Reverse Monte Carlo modeling with the 'Flexible Molecules via Potentials' approach (FMP-RMC)
The initial particle configurations for the Reverse Monte Carlo refinements, by which we wished to explore whether (the already rather good) structural data provided by MD can be brought closer to diffraction results, were selected based on the MD data.
According to TABLE IV, the most successful MD simulations from a structural point of view are ORI_C from the ORI-series and ED_MID from the E-series (also the overall best). Therefore FMP-RMC simulations starting from both the ED_MID and the ORI_C MD simulations were performed.
B.1. General results -molecular structure and 2-body correlations
Similarly to our previous works 34, 35 , first only the scattering data were used as data set constraint in the FMP-RMC simulations, producing models ORI_fq_sq and ED_fq_sq (see TABLE III As it can be seen from the decreasing χ (TABLE V) .
It is of some interest to look at calculations with somewhat higher χ 
B.2. Orientational correlations
The center of molecules distribution was calculated as previously for the MD configurations, see FIG. 9 . The most important observation is that the characteristic shoulder on the low-r side of the first maximum still exists. The best-fitting planes to all six atoms of the molecules were determined as previously. The average out-of-plane displacement was found to be 0.045±0.035 Å, smaller than that for the ED MD series (see III.A.2.). Considering the orientations of the molecular planes, the correlation function ( , ) C r ϕ , calculated as described before, was determined. The overall shape of the distribution has not changed compared to the starting MD simulation ED_MID: only the position of the peak has moved towards shorter distances, from 3.9 to 3.7 Å, still being in the shoulder region of the center of molecules distribution. The orientation of the planes remained parallel (φ~0 º).
IV. SUMMARY AND CONCLUSIONS
The liquid structure of tetrachloroethene was investigated in a series of MD simulations, using various interaction potential parameter sets and charge distributions (see TABLE I ), since no entirely appropriate parameterization is available in the literature. We note that potential parameters for the ED_MID simulation have partly been introduced by the present work. The efficiency of the simulations was judged by the agreement of the calculated average MD structure factors with the experimental neutron and X-ray total scattering structure factors.
The parameter set producing the overall closest match with the experimental structure factors was ED_MID; from the ORI parameter set series the ORI_C simulation proved to be the most successful one.
FMP-RMC simulations were started from the end configurations of the ED_MID and ORI_C MD runs, which were already quite close to experiment. The molecular structure (and also energies, prdf-s and cosine distributions) stayed close to the MD averages. This was the first time that the recently developed FMP-RMC method, where the molecules are kept together by bonded and non-bonded potentials, was applied to a planar molecule.
The planarity of the molecules was assessed in different ways, described in sections 
